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In Brief
Baldauf et al. examine the plasticity of the transcriptomic landscape of a diverse panel of maize inbred lines and their F 1 hybrids during primary root development. They demonstrate that extreme expression complementation driven by non-syntenic genes is a general mechanism that extensively shapes the transcriptomic plasticity of hybrids.
SUMMARY
Maize (Zea mays L.) displays an exceptional degree of structural genomic diversity [1, 2] . In addition, variation in gene expression further contributes to the extraordinary phenotypic diversity and plasticity of maize. This study provides a systematic investigation on how distantly related homozygous maize inbred lines affect the transcriptomic plasticity of their highly heterozygous F 1 hybrids. The classical dominance model of heterosis explains the superiority of hybrid plants by the complementation of deleterious parental alleles by superior alleles of the second parent at many loci [3] . Genes active in one inbred line but inactive in another represent an extreme instance of allelic diversity defined as single-parent expression [4] . We observed on average 1,000 such genes in all inbred line combinations during primary root development. These genes consistently displayed expression complementation (i.e., activity) in their hybrid progeny. Consequently, extreme expression complementation is a general mechanism that results on average in 600 additionally active genes and their encoded biological functions in hybrids. The modern maize genome is complemented by a set of non-syntenic genes, which emerged after the separation of the maize and sorghum lineages and lack syntenic orthologs in any other grass species [5] . We demonstrated that non-syntenic genes are the driving force of gene expression complementation in hybrids. Among those, the highly diversified families of bZIP and bHLH transcription factors [6] are systematically overrepresented. In summary, extreme gene expression complementation extensively shapes the transcriptomic plasticity of maize hybrids and might therefore be one factor controlling the developmental plasticity of hybrids.
RESULTS AND DISCUSSION

Transcriptome Profiling of a Diverse Panel of Maize Inbred Lines and Their F 1 Hybrids during Early Primary Root Development
Maize exhibits an exceptional degree of intra-specific genomic and phenotypic diversity compared to other crop species [2, 7, 8] . In the present study, RNA sequencing (RNA-seq) was applied to survey how the exceptional degree of genotypic diversity of maize is reflected in the transcriptomic landscape of F 1 hybrids and their parental inbred lines during early primary root development. To this end, we selected seven inbred lines representing six divergent clades of a phylogenetic tree of maize (Figure 1A) [9] . In this tree, the clade harboring the closely related inbred lines B73 and H84 contains stiff stalk lines, whereas all other clades and the genotypes selected from them are non-stiff stalk lines. The inbred line B73 was selected as a common female parent to generate F 1 hybrids in this study because it is the female parent in many hybrid breeding programs and the first maize reference genome sequence was determined in this genotype. The transcriptomes of the six paternal inbred lines and their F 1 hybrids were investigated at three developmental stages early in primary root development ( Figure S1A ). The three selected stages cover the developmental transition from root hair formation (stage I) via lateral root initiation (stage II) to lateral root formation (stage III). The common maternal inbred line B73 was subjected to RNAseq in 12 biological replicates per developmental stage to maximize the number of direct comparisons between B73 and other genotypes, whereas all other genotypes were sequenced in four biological replicates per developmental stage ( Figure S1B ).
Kinship Relations among the Diverse Panel of Genotypes Are Reflected in the Highly Reproducible Transcriptome Data
Relationships among the diverse genotypes and developmental stages were explored in a multidimensional scaling (MDS) plot ( Figure 1B) . The biological replicates of specific genotypes and developmental stages form distinct clusters. Furthermore, the MDS plot also depicts the kinship relations among the surveyed genotypes: the clusters of the hybrids are located between the clusters of their two parental inbred lines with each of whom they share 50% of their genome. In addition, the closely related parental stiff stalk inbred lines B73 and H84, which were both selected from the same phylogenetic clade ( Figure 1A) , revealed a higher transcriptomic similarity than B73 and the remaining paternal inbred lines of the examined non-stiff stalk genotypes ( Figure 1B) . Hence, the close relationship of the replicated samples and the assembly of the different genotypes according to their genetic relationship highlight the high quality of this dataset. The transcriptomic relationship of the surveyed inbred lines is not only consistent with their phylogenetic relationship but also with their pedigree lineage ( Figure S2 ) [10] .
Single-Parent Expression Complementation Is Universal among Different Genotypes and along Development Single-parent expression (SPE) is an extreme instance of complementation on the gene expression level. In SPE patterns, complementation is observed in hybrids because genes are expressed in only one of its two parental inbred lines [4] . We designate an observed pattern as SPE_B, if genes are expressed in the hybrid and in their maternal inbred line B73, but not in the corresponding paternal inbred line. In contrast, we refer to genes that are expressed in the hybrid and the corresponding paternal inbred line, but not in the maternal parent B73 as SPE_X (X = A554, H84, H99, Mo17, Oh43, and W64A). We determined for each developmental stage and within each parent-hybrid triplet the number of genes showing SPE patterns ( Figure 2A ; Data S1). Along the three developmental stages and among the different parent-hybrid triplets, between 916 and 1,183 genes display SPE_B patterns (Figure 2A ). Among the different parent-hybrid triplets and along the three developmental stages, between 852 and 1,083 genes showed SPE_X patterns ( Figure 2A ). For all parent-hybrid triplets, fewer SPE_X than SPE_B gene expression patterns were observed ( Figure 2A) ; because of the lack of genomic data, X-specific SPE_X genes could not be identified. Overall, the lowest number of SPE genes was identified between the parental inbred lines of B73 and H84 and their F 1 hybrid. This observation reflects the close kinship relation of these two parental stiff stalk inbred lines that map to the same phylogenetic clade [9] and is also consistent with their pedigree lineage ( Figures 1A and S2 ) [10] .
To obtain an estimate of the proportion of genes that display SPE patterns because of genes not present in one of the parental inbred lines, the number of such presenceabsence variations (PAVs) between the available genomic sequences of the inbred lines B73 and Mo17 was determined. Along development, between 5% and 6% of the SPE_B patterns are due to genomic PAVs (Data S1). It was not possible to determine the fraction of PAVs present in Mo17 but absent in B73 among SPE_Mo17 expression patterns because all RNA-seq reads were mapped to the B73 reference genome. For the remaining parent-hybrid triplets, PAVs could not be determined because of the lack of genomic data. We observed similarly low proportions of PAVs among genes displaying SPE in the reciprocal hybrids of B73 and Mo17 in our previous studies [4, 11, 12] . These results suggest that most genes displaying SPE patterns are physically present in the genome but are only active in certain genotypes. This is in line with previous observations in the reciprocal hybrids of B73 and Mo17 [12] . The low frequency of genomic PAVs among the SPE_B genes suggests that genomic PAV is not a major driver of SPE. three developmental stages, hybrids express on average 584 (stage I), 593 (stage II), and 660 (stage III) genes more than their parental inbred lines. Moreover, the total number of expressed genes per genotype increases during development ( Figure 2B ; Data S1). Of the 39,469 core protein-coding genes, 72% (28,593/39,469) were expressed among the different genotypes and developmental stages. The increasing number of active genes reflects the increase of morphological complexity in these roots starting from bare primary roots with root hairs to longer, more differentiated primary roots with emerging lateral roots [13] .
In previous studies, we discovered SPE patterns in maize primary roots [4] and their tissues [12] in reciprocal hybrids that emerged from crosses of the parental inbred lines B73 and Mo17. By extending our gene activity studies to a diverse panel of genotypes and different developmental stages, we demonstrated that gene expression complementation in F 1 hybrids is a general mechanism to increase the total number of active genes in maize hybrids compared to their parental inbred lines by several hundred (Figures 2B  and S4C ).
SPE Patterns Are Highly Conserved along Development, but Not Between Different Genotypes All SPE_B and SPE_X patterns were highly conserved along development (58% to 68%) ( Figure S3A ) and their overlap by far exceeded the statistically expected values under a null model of independence (Table S3) . However, only be- tween 3% and 6% of the SPE genes were conserved among all six parenthybrid combinations ( Figure S3B ). In contrast, between 7% and 22% of SPE genes were specific for one parenthybrid triplet ( Figure S3B ). In general, SPE_B genes displayed a higher genotype-specificity than their SPE_X counterparts, because SPE patterns of genes only present in X could not be captured.
The high developmental and the low genotypic conservation of SPE patterns is in line with their transcriptomic relationship ( Figure 1B ). Similar observations have been made in a comparison of different genotypes of maize during seminal root development [14] . In addition, SPE patterns displayed 75% conservation in maize roots subjected to water deficit treatment versus control conditions [11] . The observation of highly conserved SPE patterns during development and upon environmental changes supports the notion of a biological role of these SPE patterns.
Non-syntenic Genes Are Significantly Overrepresented among SPE Genes Maize encountered a last whole genome duplication 5 to 12 million years ago [15] , shortly after the divergence of the maize and sorghum lineages [5] . Syntenic genes are evolutionarily old and can be traced back to a maize progenitor already before the separation of maize and sorghum. In most instances, these genes encode important functions and were therefore not eliminated by selection in the course of evolution. In contrast, non-syntenic genes evolved after the separation of maize and sorghum. To examine their evolutionary origin, the proportion of non-syntenic genes among the SPE genes was determined. In total, 38% (15,175/39,469) [16] of all protein-coding genes of the B73v3 reference genome are non-syntenic ( Figure 3 , dashed line). Non-syntenic genes are underrepresented among all expressed genes that are not SPE within each parent-hybrid triplet at all three developmental stages ( Figure 3 ; Data S1). On average, only between 18% and 19% of expressed genes in inbred lines and hybrids, which are not SPE, are non-syntenic. Remarkably, at all three developmental stages non-syntenic genes were exceptionally and significantly overrepresented among all SPE_B and SPE_X patterns compared to their prevalence among all expressed genes ( Figure 3 ; Data S1). Along development, between 60% and 66% of the genes displaying SPE_B patterns were non-syntenic. Among the genes showing SPE_X patterns between 65% and 73% were non-syntenic along the three developmental stages (Figure 3) . In all 18 genotype-by-stage combinations, SPE_X patterns displayed a higher prevalence of non-syntenic genes than SPE_B patterns.
Non-syntenic genes, which evolved more recently than their syntenic counterparts, are considered to encode genetically redundant functions and thereby are able to buffer the function of particular genes [17] . It was suggested that non-syntenic genes contribute to the capacity of plants to constantly adapt to fluctuating environments. In comparative studies, disease resistance genes were overrepresented among genes of nonsyntenic regions in Arabidopsis thaliana [18] , Aegilops tauschii [19] and different accessions of cultivated and wild rice [20] . Notably, the recently cloned wheat Fusarium-resistance gene Fhb1 is non-syntenic [21] . In general, maize hybrids can cope better with environmental fluctuations than their parental inbred lines [22] . A possible function of non-syntenic genes, overrepresented among genes that display expression complementation, could be related to the adaptation of hybrid plants to environmental changes. The suggested role of SPE genes in environmental adaptation is also underscored by their extensive stability under water deficit conditions [11] .
Non-syntenic bZIP and bHLH Transcription Factors Are Significantly Overrepresented among SPE Genes In maize, 2,298 genes encoding transcription factors (TFs) were identified [6] . TFs are classified into 56 families. Among those, bZIP (216 members) and bHLH (308 members) are the two most prevalent TF families with adequate sample size to be examined. In the bZIP and bHLH TF families, non-syntenic genes were systematically overrepresented among SPE patterns (bZIP: 33% to 100%; bHLH: 17% to 40%) (Figure 4 ) compared to the prevalence of non-syntenic genes among expressed genes of these families that do not display SPE (bZIP: 2% to 7%; bHLH: 4% to 7%) ( Figure 4 ; Table S4 ).
Transcription factors (TFs) modulate a multitude of regulatory processes by controlling downstream gene expression cascades. Mutations in a single gene encoding a TF such as the lob domain TF rtcs, which controls maize shoot-borne root development [23] , can affect the regulation of thousands of downstream genes and molecular networks [24] . To maintain the balance of the regulatory genes, any variation in their expression, which could drastically reprogram the transcriptomic landscape of the affected plant, is largely selected against [25] . bZIP and bHLH control a multitude of physiological mechanisms [26] [27] [28] [29] [30] , such as the adaptation to drought [31] . A total of 91% of bZIP and 88% of bHLH TFs are encoded by evolutionary old syntenic genes (Data S1). The remaining non-syntenic bZIP and bHLH TFs were highly overrepresented in SPE patterns compared to all expressed TFs of these families (Figure 4 ). These likely genetically redundant TFs could function in the stabilization of molecular networks by expression complementation.
SPE Complementation Is a General Mechanism in Maize
To further generalize the concept of SPE complementation in maize hybrids independently of the inbred line B73, we 
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Proportion of non-syntenic genes among SPE_B (B, darker color) and SPE_X (X, lighter color) patterns and among the total number of expressed genes that are not SPE (E, gray) per parent-hybrid triplet during the three developmental stages I-III. The proportion of non-syntenic genes among all protein-coding genes is represented by the dashed line. Significant differences (a = 0.05) are indicated by an asterisk. See also Data S1 and Figure S4D .
surveyed the transcriptomes of the reciprocal F 1 hybrids Oh43xW64A and W64AxOh43 and their distantly related parental inbred lines ( Figures 1A and 1B ). All analyses with these B73-independent genotypes displayed the same results as the B73-dependent experiments including kinship relations of transcriptomic samples ( Figure S4A ), SPE patterns (Figure S4B ), increased number of expressed genes in hybrids ( Figure S4C ), overrepresentation of non-syntenic genes among SPE genes ( Figure S4D ), and overrepresentation of non-syntenic bZIP TFs among all bZIP TFs displaying SPE patterns ( Figure S4E ; Table S4 ). On the other hand, non-syntenic bHLH TFs were not enriched ( Figure S4F ; Table S4 ). The observation of substantial gene expression complementation in hybrids resulting in more active genes than in their parents is in accordance with the complementation hypothesis of heterosis, which was suggested a century ago by Donald F. Jones [3] as one possible mechanism to explain the increased vigor of hybrids. A role of gene expression complementation in heterosis is also consistent with the reduced phenotypic performance of hybrids observed after subsequent cycles of self-pollination, i.e., inbreeding depression. In each round of selfing the number of heterozygous loci is reduced by 50% and as a consequence the number of SPE patterns and thus the number of additionally active genes in these plants also consistently decrease. To obtain a maximum level of heterosis in F 1 hybrids, the maize germplasm is divided into heterotic groups representing genetically distinct inbred lines [32] . Inter-group hybrids show a greater heterosis effect than intragroup crosses [33] [34] [35] [36] . This is in line with the higher number III  II  I  III  II  I  III  II  I  III  II  I  III  II  I  III  II See also Figure S4 , Table S4 , and Data S1.
of SPE patterns in inter-versus intragroup crosses observed in the present study. Although several other mechanisms must be considered in heterosis manifestation, non-syntenic genes displaying SPE patterns might collectively contribute at least to a certain degree to the better performance and plasticity of hybrid maize. Nevertheless, the function of hundreds of highly genotypespecific genes with a minor individual influence on plant performance is very difficult to access genetically. However, the additional activity of hundreds of such genes in hybrids could make a difference. The identified expression profiles might be beneficial to support genomic prediction of hybrid performance in breeding cycles, which has been successfully demonstrated in combination with DNA marker information [37, 38] .
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
In a first experiment, kernels of the maize (Zea mays L.) parental inbred lines A554, B73, H84, H99, Mo17, Oh43 and W64A and the hybrids B73xA554, B73xH84, B73xH99, B73xMo17, B73xOh43 and B73xW64A were grown in filter paper rolls in a climate chamber with a 16 h light (28 C), 8 h dark (21 C) cycle in distilled water. For each genotype, 36 paper rolls each containing 10 seeds were prepared. For germination, all rolls were randomly arranged in 39 10-L buckets. Primary roots were harvested at three developmental stages (stage I, II and III). Each developmental stage was defined by the length of the respective roots. Stage I was represented by 2-4 cm long primary roots, stage II by 6-8 cm long roots and stage III by 10-12 cm long roots. Ten primary roots were pooled for each of the four biological replicates per genotype and developmental stage. For B73, which was the common parent of all hybrid crosses, we generated twelve biological replicates per developmental stage to maximize the number of direct comparisons between B73 and other genotypes in the RNA-seq experiment described below.
In a second experiment, kernels of the parental inbred lines Oh43 and W64A and their reciprocal F 1 -hybrids, Oh43xW64A and W64AxOh43, were germinated in paper rolls under the same conditions as described above. For each of the four biological replicates per genotype, 10 primary roots were harvested at developmental stage I, i.e., at a length of 2-4 cm.
METHOD DETAILS
RNA isolation and RNA-sequencing (RNA-seq) Pooled primary roots of both experimental setups were ground in liquid nitrogen and total RNA was isolated with the RNeasy Plant Mini Kit (QIAGEN, Venlo, the Netherlands). RNA quality was assessed via agarose gel electrophoresis and a Bioanalyzer (Agilent RNA 6000 Nano Chip; Agilent Technologies, Santa Clara, CA, USA). For all samples, a RIN (RNA integrity number [39] ) R 8.9 was detected. cDNA libraries for Illumina sequencing were constructed according to the manufacturer's protocol (TruSeq RNA sample preparation; Illumina, San Diego CA, USA). For sequencing, each library was indexed with an Illumina TruSeq Adaptor.
The 180 indexed libraries of the first experiment were loaded in nine lanes of two flow cells with 20 pooled libraries per lane. The experimental design was set up to obtain small standard errors for all pairwise comparisons involving genotypes from the same cross (parents and hybrids). Genotypes in the same lane can be compared directly, and such comparisons are most accurate. Each triplet consists of one hybrid, one paternal inbred line and the common parent B73. The combination of a hybrid with a paternal inbred line will be denoted as a ''pair.'' In total we analyzed six such pairs (A554 and B73xA554, H84 and B73xH84, H99 and B73xH99, Mo17 and B73xMo17, Oh43 and B73xOh43, W64A and B73xW64A). To each lane, we assigned four pairs (i.e., the hybrid and their paternal inbred line) of two developmental stages ( = 16 libraries). Moreover, two libraries of the parental inbred line B73 of both developmental stages were added per lane. Cluster preparation and paired-end sequencing were performed according to the manufacturer's protocol (HiSeq 4000, Illumina).
Analysis of raw sequencing data: read mapping and raw read counting Downstream analyses of 100 bp long paired-end reads generated with an Illumina HiSeq 4000 were performed as follows: raw sequencing reads were quality trimmed by removing low quality reads and sequencing adapters using Trimmomatic [40] version 0.36 (http://www.usadellab.org/cms/?page=trimmomatic). In paired-end mode the following settings were used: ILLUMINACLIP:3:30:10, LEADING:3, TRAILING:3, MAXINFO:30:0.8 and MINLEN:40. The B73 reference genome sequence [41] version AGPv3.31 (B73v3, ftp://ftp.ensemblgenomes.org/pub/plants/release-31/fasta/zea_mays/dna/) was indexed using Bowtie2 [42] version 2.2.9 (https://sourceforge.net/projects/bowtie-bio/files/bowtie2/) and raw sequence reads were mapped to the reference genome by TopHat2 [43] version 2.1.1 (https://ccb.jhu.edu/software/tophat/tutorial.shtml). A slight bias was introduced by mapping all genotypes to the B73 genome, the only available high-quality reference genome. The minimum intron size was set to 5 and the maximum intron size was set to 60,000. For GTF guided mapping, a GTF file was employed containing information for core protein-coding genes (ftp://ftp.ensemblgenomes.org/pub/plants/release-31/gtf/zea_mays/). All other parameters were set to default. In the following step, duplicates, i.e., read pairs that have identical 5 0 coordinates and orientations, were marked and removed from the mapped reads except the read pair having the highest sum of base qualities. This step was performed using the picard tool MarkDuplicates version 2.5.0 (http://broadinstitute.github.io/picard/command-line-overview.html). The RNA-seq of the 180 samples resulted on average in 17 million 100 bp long paired-end reads (Table S1 ). After quality trimming, between 82% and 96% of all sequencing reads mapped to the B73v3 reference genome sequence (Table S1 ) [41] . In the second RNA-seq experiment, the 16 indexed libraries were pooled in a single lane of a flow cell. On average, 20 million 100 bp long paired-end reads were obtained from RNA-seq (Table S2 ). After quality trimming, between 87% and 89% of all sequencing reads mapped to the B73v3 reference genome sequence (Table S2 ) [41] .
To obtain the raw read counts for each protein-coding gene, the aligned reads were sorted according to sequence names and separated into single-and paired-end reads. Read counts per protein-coding gene were generated using HTSeq-count [44] version 0.6.1p1 (https://htseq.readthedocs.io/en/release_0.9.1/) using default settings. During this step, reads mapping at multiple positions of the genome and reads which mapped to overlapping gene models were discarded. For further downstream analyses, the separated single-and paired-end reads were merged into a single data file.
Multidimensional scaling analysis for data quality check
The following analyses were applied to genes which were declared expressed or active based on the analysis of expression complementation. The raw sequencing reads of those genes were normalized by sequencing depth and log 2 -transformed to meet the assumptions of linear modeling. In addition, the mean-variance trend within the count data was estimated and a precision weight was assigned to each observation [45] . A multidimensional scaling (MDS) analysis was performed to visualize any sample relations using the plotMDS function of the Bioconductor package limma [46] in R (R version 3.3.1 (2016-06-21), limma_3.30.0). The distance between each pair of samples was estimated as the root-mean-square deviation for the top genes with the largest standard deviations across all samples.
Genomic presence-absence variations between B73 and Mo17
Genomic presence-absence variations (PAVs) are genes present in a certain genotype but absent in another. To determine the proportion of genomic PAVs among SPE_B expression patterns identified in the parent-hybrid triplet of B73 and Mo17, these genes were blasted against the Mo17 genome assembly version 1 (ZM-Mo17-REFERENCE-NRGENE-1.0; http://ftp.maizegdb.org/MaizeGDB/ FTP/Mo17/2013_XinEtAl_PlantCell/RefGen_Mo17_v1.fasta.gz) using the command line blastn tool [47] of NCBI (BLASTÒ Command Line Application, National Center for Biotechnology Information (US); https://www.ncbi.nlm.nih.gov/books/NBK279670/). For the five remaining parental inbred lines, genomic PAVs could not be determined because no reference genome data is available for these lines.
SPE_B genes were defined as putative PAV if no BLAST hit with sequence identity > 90, a bit score > 50 and a query coverage > 90 was observed. These putative PAVs were compared to their expression levels of the Mo17 RNA-seq samples. Based on these criteria, genes with no reads in Mo17 (FPKM = 0) were determined as putative PAVs.
Identification of non-syntenic maize genes and transcription factors among SPE genes First, the syntenic or non-syntenic evolutionary origin of SPE genes was determined by comparisons with the lists of these genes [48] (http://www.schnablelab.org/data.html). Second, for each parent-hybrid triplet, the distribution of non-syntenic transcription factors (TFs; according to the Plant Transcription Factor Database version 4.0 [6] (http://planttfdb.cbi.pku.edu.cn/) was determined among the genes showing SPE patterns in comparison to the total number of expressed TFs that are not SPE of a corresponding TF class.
QUANTIFICATION AND STATISTICAL ANALYSES
Analysis of expression complementation
For the data of the first experiment, the transcriptional activity status of all genes (active/inactive) in each of the thirteen genotypes at each of the three developmental stages was determined using hierarchical gene-specific generalized linear mixed models with negative binomial responses. In brief, within each developmental stage, the log of the mean for any given gene was assumed to be a linear combination of gene-specific effects for genotype, lanes and barcodes, plus sample and gene-specific normalization factors (described below). The log of the TMM normalization factor [49] was added to the linear predictor for normalization across samples, and a smooth function of gene length and GC content was used to normalize across genes.
For each genotype, the gene-specific genotype effects were assumed to be independent draws from a scaled t-distribution with three degrees of freedom, an unknown and unrestricted genotype-specific mean, and an unknown genotype-specific scaling parameter. Furthermore, the gene-specific genotype effects were modeled as independent across genotypes. The lane and barcode effects were modeled as mean-zero normal random variables with gamma-distributed gene-specific precisions. The parameters of the gamma distribution corresponding to barcode-effect precisions were specified to create a vague distribution, but the gamma distribution corresponding to lane-effect precisions was treated as having unknown shape and rate to be estimated from the data rather than specified. The logs of the gene-specific negative binomial dispersion parameters were assumed to be independent draws from a normal distribution with unknown mean and variance. An empirical Bayes procedure via the R package ShrinkBayes [50] was used to estimate the unknown parameters. However, the unknown parameters were estimated initially by assuming normal distributions for gene-specific genotype effects. The aforementioned t-distributions for gene-specific genotype effects were subsequently specified using the initial genotype-specific mean estimates, and genotype-specific scale parameter estimates set to match the 10 th and 90 th percentiles of the initially estimated genotype-specific normal distributions. This allows for the use of heavier tailed t-distributions that better represent the distributions of gene-specific genotype effects, while still leveraging the empirical Bayes routine and the computational advantages of integrated nested Laplace approximation [51] .
The activity status of each gene was determined by computing P ijk (T), the posterior probability that the genotype effect for gene (i), genotype (j), and developmental stage (k) was larger than a given threshold T. A gene (i) was called active for genotype (j) and developmental stage (k) if P ijk (T) > 0.5 and otherwise inactive. This method classifies genes as active or inactive based on the posterior distribution of fixed effects considering raw read count, sequencing differences from sample to sample, gene length, and GC content differences. The same approach was applied to the dataset of the second experiment. Because this dataset consists of only four genotypes at one developmental stage with all RNA samples sequenced together in a single lane, the model and estimation procedure described above was simplified accordingly for this second analysis.
To determine the expected number of SPE genes, which are developmentally conserved within each parent-hybrid triplet, a generalized linear model with a log-link and Poisson distribution was fitted under the assumption of independence between the three stages using proc genmod in SAS 9.4 (SAS Institute, Cary, NC, USA, 2014). The model under independence comprised main effects for the three stages. The expected and observed numbers of SPE genes overlapping between the three stages were compared using a c 2 -test for the three-way interaction effect of the three stages. Significant differences between expected and observed values are indicated by * at a significance level of a = 0.05.
Fisher's exact test
Fisher's exact test (function fisher.test in R version 3.3.1 (2016-06-21)) was applied to evaluate the distribution of non-syntenic genes and non-syntenic bZIP and bHLH TFs among the SPE genes in comparison to all expressed genes that are not SPE and to all expressed TFs that are not SPE, respectively, within each parent-hybrid triplet. The tests were conducted at significance level 0.05.
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